Gametic differentiation of the unicellular green alga Chiamydomonas reinhardtii proceeds in two steps controlled by the extrinsic signals nitrogen deficiency and light. Nitrogen deprivation induces the differentiation of vegetative cells to sexually immature pregametes. A light signal is required to convert the pregametes to gametes. Both signals are also required for the maintenance of mating competence. Two converging signal transduction chains are proposed to control gamete formation. For the differentiation of pregametes to gametes, a fluence ratedependent reaction, requiring continuous irradiation, is suggested by photobiological experiments.
By gametic differentiation, Chlamydomonas reinhardtii vegetative cells are transformed into mating-competent cells. This differentiation has been shown to be associated with changes in the cell's biochemistry and subcellular morphology. The most prominent changes at the molecular level have been demonstrated for the ribosomes. Cytoplasmic and chloroplast ribosomes decrease in number (7, 8, 13) and new ribosomes appear that exhibit decreased translational accuracy (2) , altered susceptibility to antibiotics (9) , and ribosomal proteins with different electrophoretic mobilities (9) . Morphologically, the acquisition of two new organelles, a mating structure and a special type of Golgi-derived vesicle are most prominent (3, 7) . These and other changes, e.g. the appearance of sexual agglutinins (1, 11, 19) and the synthesis of gametic autolysin (12, 16) suggest that gametic differentiation is based on changes in the pattern of gene expression. Characteristic differences in the rates of synthesis of individual proteins (15) and the accumulation of mRNA species specific for gametes (von Gromoff, C.F. Beck, unpublished observations) nitrogen have been observed.
Gametogenesis of vegetative cells is induced by the removal ofa utilizable nitrogen source (usually NH4+) from the culture medium (4, 10) . We have shown previously that light is the second essential signal required for gametic differentiation (14) . Cells could be converted to mature gametes by irradiation with light only after extended incubation in nitrogen-free ' Supported by a grant of the Deutsche Forschungsgemeinschaft (SFB 206). medium in the dark (14) . The first step in gametic differentiation, triggered by nitrogen starvation, may thus be uncoupled temporally from the second step, which is induced by light. The light-competent intermediates in gamete formation were termed pregametes. Inhibitors of cytoplasmic protein synthesis and an inhibitor of RNA synthesis prevented the differentiation of pregametes to gametes (14) . This indicates an effect of light at the level of gene expression during the conversion of pregametes to gametes. From the action spectrum, we deduced that a blue light/UV-A photoreceptor is the sensor for light required for the differentiation of pregametes to gametes (18) .
Here we report that mating competence is generated and maintained only in the presence of both extrinsic signalslack of a utilizable nitrogen source and light. Photobiological studies show that a quantitative conversion of pregametes to gametes requires continuous stimulation ofthe photoreceptor. The kinetics of this conversion is shown to be controlled by the fluence rate.
MATERIALS AND METHODS

Strains and Culture Conditions
Chlamydomonas reinhardtii wild-type strains 1 37c of mating types (mt) + and -were used. The experiments were performed with 1 37c mt-as tester strain, whereas 1 37c mt+ served as mating partner. The growth conditions were as described previously ( 14, 17) .
Procedures for Gametogenesis
Gametic differentiation was induced as described (14) 
RESULTS
In a standard protocol for the generation of gametes, vegetative cells are suspended in nitrogen-free medium and incubated with continuous illumination (4, 10) . To test the influence of each extrinsic signal independently, a two-step protocol for gametogenesis was devised (14) . In a first step, initiated by the removal of a utilizable nitrogen source, pregametes are generated from vegetative cells by incubation in the dark for approximately 19 h. In a second step, these pregametes are converted into sexually competent gametes by irradiation with white or blue light (14, 18 Experiments in which either nitrogen was added to gametes or gametes were shifted from light to dark were performed to gain insight into processes regulating the differentiation of vegetative cells to gametic cells. Addition of a nitrogen source to gametes (generated from pregametes) resulted in a rapid loss in their mating competence (Fig. IA) . Similarly, shifting gametes into the dark caused a dramatic loss in mating competence (Fig. 1 B) . These results suggest that the mating competence of gametes is unstable. Gametes generated by nitrogen deprivation with simultaneous illumination for 19 h behaved differently. Upon addition of a nitrogen source or shift from light to dark they lost their ability to mate at much slower rates (Fig. 1, A and B ). The differences of these cells to gametes generated from pregametes will be discussed.
Gametes Inactivated by Dark Incubation Rapidly Recover Mating Competence upon Reillumination
Gametes generated from pregametes that have lost their mating competence during a 45-min dark incubation regained their ability to mate without a lag phase when re-exposed to light (Fig. 2) . The same result was observed with gametes incubated in the dark for 2 h before re-exposure to light (data not shown). For a comparison, the kinetics for the conversion of pregametes to gametes are shown. This conversion proceeded only after a lag phase and at a significantly slower rate. We conclude that gametes inactivated by incubation in the dark are physiologically different from pregametes.
Conversion of Pregametes to Gametes Depends on the Duration of Irradiation
Pregametes can differentiate into gametes only after prolonged irradiation. To test the dependence of this differentiation on duration of stimulus, pregametes were irradiated with a constant fluence at reciprocal combinations of fluence rates and irradiation times. A fluence of 10.8 mmol m-2 was chosen because irradiation with a fluence rate of 1.5 ,Umol m-2 s-' for 120 min induced a quantitative conversion of pregametes to gametes. The results suggest that between 12 and 75 min, the degree of conversion of pregametes to gametes is approximately a linear function ofirradiation duration (Fig. 3) . Thus, illumination for extended time periods is required for a quantitative differentiation of pregametes to gametes. 
Fluence Rates Determine the Kinetics and Extent of Differentiation from Pregametes to Gametes
The kinetics of conversion of pregametes to gametes were assayed at fluence rates of blue light (X = 459 nm) between 0.098 Amol m-2 s-' and 5.7 umol m-2 s-'. High fluence rates resulted in a rapid differentiation of pregametes, reaching a plateau level around 90 min after start of irradiation (Fig. 4) . When fluence rates were reduced, we observed slower kinetics for the conversion of pregametes to gametes. These results suggest that the fluence rate controls the kinetics of differentiation. 
DISCUSSION
Gametic differentiation of C. reinhardtii may proceed in two steps: pregametes generated by extended nitrogen starvation in the dark can differentiate into sexually mature gametes upon exposure to light (Fig. 5A) . From physiological studies, we have devised a model for the interaction of two signal transduction chains activated by the two extrinsic signals (Fig. 5B) . This model predicts that the differentiation of pregametes to gametes is dependent on the interaction of end products from both signal transduction chains. The basis for this model was the observation that both signals are required for the light-dependent step in gametogenesis.
Gametes generated from pregametes by irradiation for 120 min rapidly lost their mating competence upon re-addition of a nitrogen source (Fig. IA) or upon incubation in the dark (Fig. 1B) . This observation implies that in the absence of either signal the mating competence is unstable. Since absence of the extrinsic signals caused this loss in mating competence, we also infer that intermediates of the signal transduction chains are subject to decay or to reversible inactivation. Gametes generated by simultaneous irradiation after nitrogen removal behaved differently. They lost their ability to mate at a much slower rate. We suspect that the physiology and the program of gametic differentiation with simultaneous irradiation are different from the system in which both extrinsic signals were applied sequentially. The increased stability of the mating competence of these gametes may be due to an enhanced stability or an increased pool size of the molecules responsible for the mating reaction, e.g. the agglutinins. Alternatively, the pool size and/or stability of molecules that mediate the transduction of the extrinsic signals may be elevated.
Gametes inactivated by incubation in the dark upon reillumination regained their mating competence rapidly and without a lag phase (Fig. 2) molecules by light as has been observed for the related alga Chlamydomonas eugametos (5, 6) . Alternatively, dark-inactivated gametes may maintain elevated pool levels of product(s) from the signal transduction chain for light. A minor increase in these pools, achieved by short durations of irradiation, may then be sufficient to reach a critical level required for the establishment of mating competence.
Fluence rates determine the kinetics ofpregamete to gamete differentiation (Fig. 4) . The slower kinetics at reduced fluence rates suggest a fluence rate-dependent accumulation of the endproduct(s) and/or intermediates ofthe signal transduction chain for light to a level required for the activation of a program of differentiation mediated by the two converged signal chains (Fig. SB) .
Conversion of pregametes to gametes, when induced by a constant fluence between 12 and 75 min was approximately linearly dependent on duration ofirradiation (Fig. 3) . Continuous stimulation ofthe photoreceptor appears to be required. Experiments with repeated short pulses of light (1-7 min) intermitted by short periods of darkness (2-15 min) did not result in a quantitative differentiation of pregametes to gametes. Thus, reciprocity is not valid for light controlled differentiation of pregametes to gametes. Since short pulses of light are not sufficient to trigger differentiation of pregametes to gametes, a light dependent reaction, e.g. the accumulation of the endproduct of a signal chain to a threshold level, may limit the conversion. However, the data are also consistent with a program of differentiation where more than one step is controlled by light.
